Abstract-At CERN, the SPS synchrotron is equipped with a slow extraction channel towards the fixed target beam lines in the North Area This channel includes five consecutive electrostatic septa, where the field free region and the active high field region are separated by an array of tungsten-rhenium wires. The field-free region provides for the circulating beam, while the high field region is used to deflect the extracted beam. Since the residual gas can be ionized by the orbiting beam, low energy ions could cross the wire array and enter the high field region and cause high voltage breakdown when accelerated onto the cathode. To prevent low energy ions from entering this high electric field region, a vertical field is applied to the orbiting beam using so-called 'ion traps' for active protection. The vertical field is created by electrodes placed inside the region containing the circulating beam. Due to electromagnetic coupling onto the ion trap electrodes observed with the high frequency LHC beam (25 ns spaced bunches), the efficiency of the ion traps is greatly reduced. This leads to increased vacuum activity (electron cloud related) as well as high spark rates both in the main field and between the ion trap electrodes and their grounded support. In view of the SPS performance increase required for HL-LHC, this paper highlights the upgrades and improvements required to obtain a stable ion trap field and significantly reduce the number of breakdown events observed with the LHC beam in the accelerator.
INTRODUCTION
In the SPS two fast extraction channels are used to send beam to the LHC counter clockwise and clockwise rings A third extraction channel is used for slow extracting beam towards the experimental North Area. The slow extraction channel consists of 5 electrostatic septa, followed by 2 thin and 5 thick magnetic septa. The ZS septa were designed and built in the 1970s [1] . Each unit consists of two parallel electrodes of approximately 3 m in length. The circulating beam passes through the field-free region within the hollow anode, which is bounded toward the cathode by an array of this W / Re alloy wires, Fig 1, and when particles cross the wires they experience the high electric field between anode and cathode that deflects them across the thin magnetic septum downstream. Clearing electrodes with a few kV potential are needed inside the anode to sweep any ions produced from residual gas, which can cause sparking if allowed to drift into the high field gap.
Fig. 1. ZS electrostatic septum used for SPS slow extraction
The electrostatics septa (ZS) are affected by high spark rates and high vacuum activity when high intensity beam with 25 ns bunch spacing is accelerated in the SPS for the LHC, although these beams are not extracted in this region. These observed phenomena can cause the electrostatic septa to switch off, with a subsequent injection veto for the SPS. To prevent the LHC from being affected, the North extraction was stopped when LHC beam was required in the past. Although this may be acceptable during dedicated LHC filling, it was nevertheless a limiting factor for the North extraction, since switching off and back on again of the ZS is not possible on a cycle-to-cycle basis. Tests were made to reduce only the main voltage of the ZS during LHC beam operation of the SPS [2] , to reduce the spark rate. Vacuum activity was still observed however, leading to triggering of the ZS vacuum interlock.
II. OBSERVATIONS WITH LHC BEAMS IN SPS
Over time, the use of the LHC high-intensity beam induced less and less vacuum activity. This contributed to conditioning of the ion trap surfaces by the LHC beam. The origin points towards electron cloud activity in the region, but the ion traps inside the ZS anode provide a vertical electrical field in the circulating beam area. Studies [3] have shown that a voltage between 978-1-4673-9780-3/16/$31.00 ©2016 IEEE -500 V and -3.5 kV should be effective at suppressing the electron cloud. Since the ion traps are powered with -3 kV and -6 kV, it was assumed that electron cloud could not occur inside the ZS anode. A dedicated MD [4] confirmed the lower threshold of 500 V, but also showed that it was beneficial for the vacuum activity to bias the cathode to at least several tens of kV. The exact value of the bias voltage depends on the beam intensity. These experimental results point to an electron cloud being produced between the ZS, i.e. in so-called pumping modules (MP) between each ZS tank. There is an abrupt aperture transition and hence an increased longitudinal beam impedance, between the alternating MP and ZS equipment sequence. Also, the length of the ion trap electrodes (3m) is in the same order of magnitude as half of the 25 ns beam spacing. The LHC beam may well induce a significant voltage on the ion trap electrodes (Umon), particularly since these are supplied with their bias voltage via a high impedance network external to the ZS tanks. This may provoke a reduction of bias voltage and cancel the electron cloud's suppressing effect from the ion traps.
The upgrade of the ZS can therefore be split in to two principal topics. The first topic is vacuum improvements, which aim at avoiding the creation of an electron cloud in the MP. The second topic will address the beam impedance of the ZS extraction system. This topic will aim at keeping the transition of the geometry between ZS tanks as smooth as possible, to reduce beam impedance, and also looks into reducing the beam impedance of the ZS tanks themselves as much as possible, and as well improve ion trap HV box (HV-ITB) to reduce impedance from measurement circuit.
III. VACUUM TANK MODIFICATION
The principal modifications to improve the vacuum in the ZS concern the installation of the vacuum pumps directly onto the ZS vacuum vessels [5] . This allows the actual MP between the ZS tanks to be redesigned to have a more continuous aperture with respect to the beam acceptance of the ZS. In an effort to reduce the impedance seen by the beam, an insert was developed between the vacuum vessel flange and the anode. This insert effectively makes a direct contact between the flange and the anode support. Although this short-circuits the anode measurement resistor (external to the ZS tank, in the ion trap connection box). Beam impedance measurements [6] , [7] were conducted and confirmed the need to make this insert part of the upgrade base line.
IV. ION TRAP BOX UPGRADE
The HV-ITB interfaces with the ZS ion trap system, the ion trap high voltage power supplies and the upstream control and acquisition electronics. It is an important sub-system of the ion trap and is placed below each ZS tank. It is a heavy-duty mechanical bulkhead system made of passive discrete components immersed into dielectric oil. The components are fitted behind a bulkhead flange plate that is equipped with all the necessary connectors to allow for the signals to be routed between the ZS tank and the controls.
The HV box performs the following tasks (Fig. 2 The ion trap system interface requires upgrades in order to better characterize analogue signals/acquisitions and help improve and understand the study of the various effects observed in the ZS septa. First, a complete set of measurements of anode/cathode breakdown signals were taken at several sites, ZS North Extraction, the ZS test cage area and ZSTF facility which is a test bench inside the SPS ring where a ZS septa can be studied with proton beam. Pspice studies [8] were carried out extensively to model some of the effects. First, a model of ion trap power supplies was derived (-10kV, -500μA). Fig. 3 shows the whole system and Pspice coupling model circuitry. The coaxial lines where replicated respecting all the nested lump parameters, modeled by 'TLossy' approach (Lossy transmission line model). HV breakdown characterization utilizes 2 switches to simulate HV breakdown.
The rest of the analogue discrete components were used from the standard libraries.
The Pspice layout represent the empirical cathode/anode coupling mode, the results of the analysis matched the results measured at all points. The capacitor takes into account the effective parasitic capacitance measured for the ZS while the resistor models the energy loss. The choice of an inductor comes from the need to model the energy stored in the magnetic field present in the ZS tank. The instabilities related to the pinching phenomenon could explain the differences and characterization of spark signals measured. The transmission line models the different breakdown paths. The values chosen for the coupling components have no direct physical meaning but aim to mimic real measurements.
The ion traps electrodes are modelled using an RC parallel floating cell. Normally a capacitor to ground is added to each cell in order to model the anode to ground parasitic capacitance. The simulations performed have demonstrated good matching with the real world measurements. Moreover they have explained why anode signals are present even if the ZS anode is grounded. It is difficult to investigate which mechanisms correlate the influencing factors with the different physical phenomena occurring in the electrostatic septa. We can basically identify the field strength and the beam characteristics as the essential influencing parameters and we consider the increase of the vacuum pressure and the consequent electrical discharges as the most immediate effects.
A. Redesign of the Ion trap HV Box
The goals of the new design are: -Suppression of insulating oil; -Anode grounding; -Direct ion trap electrode voltage monitoring; -Direct ion trap spark detection; -Impedance reduction between the ion trap power supplies and the electrodes.
One of the most important issues related to the ion trap HV box (HV-ITB) operation is the presence of dielectric oil employed to achieve high voltage insulation. The ZS are placed in SPS sectors characterized by high radiation levels, it is therefore essential to minimize the human intervention time in case of replacement or troubleshooting. The new design takes into account the guiding ALARA aspect (As Low As Reasonably Achievable) concerning radiation dose to personnel, with the implementation of air insulation and suppression of oil.
The present system detects the ion trap electrical breakdowns as an image derived from the anode current. The HV-ITB has to detect the spark events directly on the electrodes, decoupling the ion traps from the ZS anode.
It is extremely important to reduce the equivalent impedance seen by the beam to make the ZS performance less sensitive to the beam characteristics and alleviate electrical discharges. In this context there is a need to connect the ZS anode to ground and to reduce the HV-ITB impedance. The vertical voltage differential of (500 -3500) V between the ion traps electrodes is sufficient to effectively suppress the e-cloud phenomenon and consequently mitigate the vacuum activity, and it is important to monitor the voltage on each ion trap plate. With the present system this is achieved by monitoring the voltages supplied by the power generators. However there are some signs that indicate that this solution may not allow to detect fast transients that occur at the electrodes. As a consequence it is a fundamental requirement for the new system to incorporate a more direct measurements of the ion trap electrode voltages.
Ideally, the redesign of the HV-ITB, shown in Fig. 4 , will be backward compatible and needs to detect the electrode sparks. The two signals can be deduced from the same measurement. The concept for the redesign of the HV-ITB circuit is to decouple the power supplies from the ZS anode and then implement a compensated high voltage divider for each electrode. This allows to get the DC and AC components of the electrode waveforms. The HV-ITB has a loading effect on the ion trap system, especially when a spark occurs. The aim is to avoid any undesired effect while achieving the required specifications. The discrete components and their values have to be carefully chosen. In terms of values the voltage divider must have a low impedance path for the current in order to acquire proper signals and to avoid possible damage to the power supplies. According to the Pspice simulations performed, the topology shown in Fig. 4 represents the most suitable configuration for the new HV-ITB. In order to guarantee insulation in air (to suppress the dielectric oil) it is important to guarantee an optimal circuit layout in terms of component clearance. The nominal dry air dielectric strength (at standard pressure) is assumed to be 3 kV/mm [9] . As a built-in safety margin the 10 kV full-scale voltage supplied by the ion trap power supplies was taken to define the worst-case electrical insulation to be achieved. The IEC61010-1 standard for 10 kV D.C presents a minimum clearance of 22 mm. For the first prototype a factor of about 2 margin (4 -5 cm) was used.
The HV-ITB will be contained inside a Faraday cage enclosure for EMC/EMI reasons. This houses different components that are insulated in air by means of a set of fiberglass insulators and linked through 1.5 mm thick conductive wires.
Removable copper links are employed in order to allow tests with different circuit topologies. HV connectors (Fischer©) are placed onto the frontal plate for the signals routing. Some changes to the control system electronics will be required to fully integrate the new HV-ITB system into the overall controls structure [10] .
B. Measurements in the test facility
Tests were done in laboratory test facility. Electrical discharges were observed without beam by rapidly ramping the cathode power supply voltage with a nominal anode-cathode gap of 20 mm. The metallic beam-pipe was taken as the ground reference. Different tests were performed according to different circuit topologies.
As stated earlier, the ion traps suppress the e-cloud effect when the electrodes voltage difference is bigger than 500 V. Normally this difference is kept above 2.5 kV. There are signs that due to the beam coupling impedance, a transient voltage drop can occur at the ion trap electrodes causing the voltage difference to decrease below the threshold value. Under these conditions the e-cloud phenomenon can occur and important vacuum activity can be observed. This may also be a potential scenario to trigger the electrical discharges.
V. CONCLUSIONS
Significant vacuum activity was observed in the electrostatic septa in the SPS with 25 ns spacing LHC beam. This phenomenon is due to e-cloud. Although the origin of the e-cloud is still to be confirmed, measures are being prepared to reduce the longitudinal beam impedance, in case the e-cloud is created in the neighboring sections (MP). As a counter measure, additional and modern vacuum pumping systems are being installed on the vacuum vessels of the devices themselves. Another hypothesis is based on the fact that the ion trap electrodes lose their voltage bias due to beam-induced coupling to a high impedance external electrical circuit. The studies performed and the measurements collected have proved the existence of an inductive coupling between the ZS cathode and the ion traps electrodes during a spark event without beam. The origin of the sparking, either between ion trap plates and anode support, or between main field cathode and septum, is still unclear. The effect of the beam has been observed with a resistive 1:1000 voltage divider connected to one of the ion trap electrodes showing important voltage oscillations (Umon) in accordance with the beam characteristics. The hypothesis that the beam induced coupling may reduce the ion trap voltage difference below 500 V will be further explored with the new HV-ITB. The effects of the high voltage coaxial cables play a fundamental role: it is possible that resonances can be excited with high frequency spark signals in case their characteristic impedance is not properly matched (the lack of appropriate damping resistors may also contribute to this) and the high capacitance introduced into the system acts as a low pass filter for the signal acquisition (for both the Umon and the spark waveforms). Different tests are still to be performed in order to improve and validate the new design both in the laboratory test facility and at the ZSTF. The SPS ZS remain an important system for the CERN accelerator complex, and these upgrades are needed to ensure their continuing good performance in the HL-LHC era.
